In this paper a new approach to the creation of a micro-meso-macroporous structure of Y zeolite was proposed. It was based on the selective crystallization into the integral cluster crystals of the preliminarily molded granules containing crystals of the zeolite in question and a porous binder matrix. The synthesized material was characterized by the high crystallinity degree of 95% and the volume of micro-, meso-, and macro-pores of 0.30, 0.15 and 0.15 cm 3 g À1 , respectively. It was shown that the Y zeolite with the hierarchical structure in H-form had the total acidity of about 830 mmol g À1 and revealed the high activity and selectivity in the synthesis of pyridines.
Introduction
Zeolite-containing materials have become ingrained in the common use of modern heterogeneous catalysis. 1 The synthetic Y zeolite used in catalysis was the product made in the largest scale.
2 That wide-spread occurrence of it in the chemical industry is associated with the presence of strong Brønsted acid sites and the evolved porous structure as well as with its relatively simple and readily accessible synthesis. The main area of its application is modern cracking catalysts. Y zeolite in H-form is also part of the modern catalysts for the hydrocracking, hydroisomerization of n-paraffins, isomerization of xylenes, disproportionation and delalkylation of toluene, and many other processes in the petroleum chemistry and process technology. 3, 4 Due to steric restrictions, the conventional micro-porous molecular sieves failed to achieve an optimum effect in catalytic transformations where the molecular size of either starting materials or products exceeded 10Å. The creation of materials possessing the micro-meso-macroporous structure that would provide the efficient diffusion of reagents to the active sites and the reverse diffusion of the reaction products formed [5] [6] [7] [8] could become a solution to the above problem.
To date the two alternatives of creating the transport mesoand macropores in zeolites were proposed. The rst one was based on the application of templates during the process of crystallization, the former being surface-active substances, [9] [10] [11] polymers, 12,13 starch, 14 carbon nanotubes, 17 coal aerogel, [18] [19] [20] and nanosized CaCO 3 . 21 The application of templates enabled to form the zeolite mesopores of 0.15 through 0.70 cm 3 g À1 volume and of 100 through 500 m 2 g À1 surface area as well as to control the pore size within the range of 5-40 nm. The drawbacks of the technique were the low accessibility, high cost, and poor crystallinity degree of the materials obtained. The second option of creating the transport mesopores in zeolites is based on a partial destruction if the zeolite crystalline lattice by means of either steam, acid, or alkaline treatment resulting in the formation of mesopores. For example, the dealumination by the steam heating or acid treatment was proposed in ref. [22] [23] [24] [25] [26] [27] and the desilication with alkali in ref. [28] [29] [30] [31] [32] [33] [34] . Depending on the zeolite structure and composition the above techniques enabled to create the volume of mesopores within the range of 0.12-0.50 cm 3 g
À1
, the surface area of mesopores within the range of 100-400 m 2 g À1 and adjust the pore size within the range of 5-40 nm. Despite the accessibility and the ease of use the techniques in question were characterized by such drawbacks as the decreased acidity and crystallinity of the starting material as the result of the dealumination and desilication, as well as a large quantity of acidic and alkaline effluents.
As such, at the moment there were no accessible methods that would enable the creation of micro-meso-macroporous zeolite-based materials possessing the high crystallinity degree and acidity without templates and various post-synthesis treatments. Therefore development of the template-free technique for the synthesis of those materials is the important and relevant issue for the heterogeneous acid-base catalysis. The proposed in this work approach to the creation of granulated materials based on the high crystallinity degree Y zeolite was free of the disadvantages indicated above.
It was illustrated that materials based on zeolite Y of high degree of crystallinity with a micro-meso-macroporous structure may be used as promising catalysts for the synthesis of pyridines, in particular 3,5- In this article we describe the selective synthesis of 3,5-dimethylpyridine from propanol, formaldehyde and ammonia on a sample of meso-HY zeolite (60).
Experimental

Materials and reagents
Sodium silicate (Na 2 SiO 3 $9H 2 O, 44%, ACROS Organics), sodium aluminate (NaAlO 2 $6H 2 O, 55%, Reachim), sodium hydroxide (NaOH, 98%, Reachim), kaolin (Al 2 O 3 $2SiO 2 $2H 2 O, 99%, Reachim), and distilled water were used as the basic reagents without any preliminary purication.
Synthesis of the micro-porous NaY zeolite
NaY zeolite was crystallized from an amorphous alkaline aluminosilicate gel prepared by mixing sodium silicate, sodium aluminate, and sodium hydroxide solutions. The synthesis was performed from the reaction mix of the following composition:
C for 94-96 h. Upon completion of the synthesis the solid phase was separated from the mother liquor, washed off from the excess of alkali to the pH of $8.0-9.0, and dried at 140-150 C.
Synthesis of the hierarchical Y zeolite
The synthesis of the hierarchical Y zeolite was performed by the crystallization of the preliminarily molded granules of d ¼ 1.1 mm and l ¼ 3.6 mm. The granules for the crystallization were prepared by mixing NaY zeolite with the kaolin binder in the VINCI Technologies MX 0.4 mixer followed by the granulation of the obtained mix using the VINCI Technologies VTE1
extruder. The NaY zeolite content in the starting granule amounted 30 and 60% by mass, and the binder material content was 70% and 40% by mass, respectively. The obtained granules were dried in the atmosphere of air at 30 C for 24 h followed by the calcination at 650 C for 4 h. During the calcination the amorphization of kaolin in the granule composition occurred and the granules gained the mechanical strength. The calcined samples with the zeolite content of 30% and 60% by mass were designated as NaY-binder (30) and NaY-binder(60), respectively. The calcined granules of NaY-binder (30) and NaY-binder (60) were subjected to the crystallization at 90-100 C for 46-52 h in a sodium silicate solution, the reaction mix composition being 2.5Na 2 The powdered NaY zeolite sample was designated as micro-Y. The granulated samples of Y zeolite synthesized from the starting NaY-binder (30) and NaY-binder(60) granules containing 30% and 60% of the crystalline phase, respectively, were designated as NaY-mmm (30) and NaY-mmm (60) . Aer the conversion of the Na-form into the H-form the H index was added to the sample notation.
Physical and chemical studies of the obtained materials
The chemical composition of the prepared aluminosilicates was analyzed on a EDX-720/900HS Shimadzu X-ray uorescent spectrometer.
Diffraction patterns were recorded using Ultima IV "Rigaku" diffractometer in the monochromatic CuKa emission within the 2q angle range of 3 to 50 in 0.5 deg min À1 increments and the 20 s integration time at each point. The relative crystallinity degree was evaluated by the summation of areas of 5 the most intensive peaks. The X-ray phase studies were performed by matching the diffraction patterns obtained with the pdf 2 (Rigaku) database. The coordination sphere of aluminum atoms in the calcined samples was evaluated by the 27 Al MAS NMR spectra.
The spectra were obtained using Avance-400 "Bruker" spectrometer equipped with the multi-nuclear sensor in the simple single pulse experiment under the $104 Hz magic angle spinning of the samples in zirconium dioxide rotors. The aqueous 1 mol L À1 AlCl 3 solution was used for the external reference standard. Samples morphology was studied under native conditions to exclude metal coating surface effects. The observations were carried out using Hitachi SU8000 eld-emission scanning electron microscope (FE-SEM). Images were acquired in secondary electron mode at 1 kV accelerating voltage and at working distance 3-4 mm.
The porous structure was characterized by the low temperature (77 K) nitrogen adsorption-desorption using the ASAP-2020 "Micromeritics" sorption meter. Prior to the analysis the samples were vacuum-treated at 350 C for 6 h. The specic surface area was calculated by the BET method at the relative partial pressure of P/P 0 ¼ 0.2. The pore size distribution was calculated by the BJH (Barrett-Joyner-Halenda) desorption curve; the total pore volume was determined by the BJH method at the relative partial pressure of P/P 0 ¼ 0.95. The volume of the micropores in the presence of mesopores was determined by means of the t-method of de Boer and Lippens.
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The total volume of the macropores of 50 nm size and larger was evaluated by the mercury injection porosimetry using the Carlo Erba Porozimetr-2000 instrument.
Acid properties of aluminosilicates were studied by the temperature programmed desorption of ammonia 46 (TPD NH 3 ) and infrared spectroscopy (IR-spectroscopy) using the low temperature adsorption of the CO probe molecule.
The acidic properties of zeolites were studied by IR spectroscopy with the use of the low temperature adsorption of CO molecule. IR spectra were recorded on a Shimadzu FTIR-8300 spectrometer within the spectral range of 700-6000 cm À1 with a resolution of 4 cm À1 . The powder samples were pressed into thin self-supporting wafers (0.010-0.013 g cm À2 ) and activated in the special quartz IR cell at 823 K for 2 h in dynamic vacuum of 10 À3 mbar. CO was introduced at liquid nitrogen temperature by doses up to an equilibrium pressure of 13 mbar. The strength of Brønsted acid sites (BAS) was estimated by the method of hydrogen bonds based on the change in the stretching vibration frequency of the OH groups that occurred under CO absorption. The higher the shi of IR band of OH stretching vibration of the hydroxyls groups (Dn OH/CO ), the stronger is the acidity of OH group. Aer deconvolution of the corresponding IR bands into individual Gauss components by home-made program, the concentration of BAS was determined from the integral intensity of the band attributed to corresponding OH-group in the Hcomplexes with the CO molecules using the molar integral absorption coefficient A 0 ¼ 54 cm mmol À1 for the complexes with n OH/CO OH 3300-3330 cm À1 .
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The concentration of Lewis acid sites (LAS) was evaluated from the integral intensity of CO band in the range of 2190-2233 cm À1 (A 0 , cm mmol À1 : 1.23 (2233-2223 cm À1 ), 1.1 (2216-2206 cm À1 ), 0.9 (2200-2190 cm À1 ). 48, 49 In the presented spectra, the absorbance was normalized to sample wafer density.
Catalytic properties of the materials obtained
Prior to the catalytic tests the zeolite samples were subjected to the thermal treatment in the atmosphere of air at 540 C for 3 h.
The synthesis of pyridines by the interaction of propanol with formaldehyde and ammonia was performed in a ow reactor with the xed catalyst bed of V ¼ 1 cm 3 under the barometric pressure, at 300-400 C, the weight hourly space velocity w of 2-7 h
À1
, and the C 3 H 7 OH-to-CH 2 O-to-NH 3 molar ratio equal to 1.0 : 0.8 : 1.5. The reaction products were analyzed by GLC on a chromatograph tted with a ame-ionisation detector (25 m long glass capillary column, SE-30 phase, oven temperature of 50-280 C, programmed heating at a rate of 8 C min À1 , detector temperature of 250 C, evaporator temperature of 300 C, helium carrier gas owing at a rate of 30 mL min À1 ).
Results and discussion
3.1 Chemical composition and crystallinity of the materials obtained according to the X-ray phase analysis and NMR data
It was found that the Si-to-Al atomic ratio in all the synthesized samples of Y zeolite was close to 10 ( Table 1 ).
In Fig. 1 the XRD patterns of the synthesized samples were given. For all the samples the signals observed were characteristic just of Y zeolite.
The obtained results witnessed a high phase purity of the obtained materials. The NaY, NaY-mmm (30) , and NaYmmm(60) samples were characterized by the crystallinity degree close to 100%, 95%, and 95%, respectively (Table 1) .
Ion exchange of Na + cations for H + does not change the Si : Al ratio and the degree of crystallinity for all samples. It is noteworthy that in most works on the synthesis of hierarchical zeolites including those based on zeolite Y, it is rarely possible to produce a material with a high degree of crystallinity, as a rule, it does not exceed 70%.
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It was known 1 that the presence of the extra-framework aluminum atoms in the zeolite resulted in the occurrence of the additional signal of 3 through 10 ppm in the MAS NMR 27 Al spectra. In Fig. 2 the MAS NMR 27 Al spectra of the synthesized samples were shown. It was seen that for the NaY sample just one signal of 50 through 60 ppm was observed, characteristic of the aluminum atoms in the tetrahedral oxygen coordination. For the NaY-mmm(30) and NaY-mmm(60) samples apart from the basic signal of 50 through 70 ppm, a weak signal of 0 through 20 ppm was observed; that was a reection of some part of the extra-framework aluminum atoms present.
An insignicant increase in the fraction of the signal from 0 to 20 ppm is observed in the transition from the Na-form to the H-form of the zeolite, which is apparently associated with a slight dealumination of the crystal lattice and the appearance of aluminum atoms in the octahedral coordination.
Porous structure of the obtained materials
In Fig. 3 the nitrogen adsorption-desorption isotherms and the pore size distribution for the NaY-mmm(30) and NaY-mmm(60) samples were shown. It is seen that for the NaY-type sample the isotherm of the type I, characteristic of the microporous materials is observed. For the NaY-mmm(30) sample the obtained isotherm was close to the type I. But a hysteresis loop present in the pressure range of 0.8 through 1.0 witnessed the occurrence of the large mesopores. For the NaY-mmm(60) sample the type IV isotherm was observed yet, with the hysteresis loop of N1 type of the IUPAC classication, having an abrupt climb at the pressure of P/P 0 $ 1, characteristic of the meso-macroporous materials. It should be noted that for the NaY-mmm(30) and NaY-mmm(60) samples there was also the characteristic abrupt climb at low temperatures being a reection of the presence of macropores. The size of the mesopores determined by the BJH method was within the range of 10 through 30 nm for the NaYmmm(30) sample and within the range of 20 through 30 nm for the NaY-mmm(60) sample (Fig. 3) . Similar isotherms of nitrogen adsorption and pore size distribution are also observed for the HY, HY-mmm(30) and HY-mmm(60) samples.
In Table 2 the porous structure characteristics were given according to the data of the nitrogen adsorption-desorption and the mercury injection porosimetry. It is seen that according to the BET method the NaY sample is characterized by the micropore volume of 0. 30 It must be pointed out that the characteristics of the porous structure basically do not change during the transition from Naform to H-form for all samples.
Thus, the porous structure of the NaY-mmm(30) sample was formed primarily from micro-and macro-pores. For the NaYmmm(60) sample the characteristic hierarchical porous structure contained not only micro-pores, but meso-and macropores, too. It should be emphasized that in the late work on the synthesis of zeolites with the hierarchical porous structure 50-52 the majority of the obtained materials possessed the micro-mesoporous structure with little to no macro-pores.
Morphology of the materials obtained
In Fig. 4 the NaY and NaY-mmm(60) sample images obtained by means of the scanning electron microscopy at different magnication were given. It is seen that the powdered microNaY zeolite crystals have the regular cubic shape and the average size of 2 mm. Except for the starting Y zeolite crystals, in the NaY-mmm(60) sample the nanocrystals within the range of 50-200 nm size were observed.
Formation mechanism of meso-and macropores in meso-NaY samples
The porous structure of granules subjected to the crystallization in the process of the NaY-mmm(60) sample preparation consisted of micro-pores in the separately taken zeolite crystals and macro-pores located between the separate crystals and the amorphous binder material particles (Table 2 ). In the course of the amorphous component crystallization these pores disappeared. Meanwhile an additional quantity of micro-pores and the larger sized pores was formed, resulting from the cluster crystal growth. It followed from the results given above that the micro-meso-macroporous structure of the high crystallinity degree NaY zeolite was formed only when the crystallized granules contained a smaller fraction of the amorphous binder than the fraction of the high-dispersed NaY zeolite.
In Fig. 5 the assumed mesopores formation mechanism in the NaY-mmm(60) sample is shown. It was known that the size of crystals formed during the zeolite crystallization process depended on the seed oversaturation degree. The higher the latter, the smaller is the crystal size. Apparently the very high seed oversaturation degrees leading to the formation of the zeolite nanocrystals, mesopores being the cavities between them, occurred during the crystallization of the sample containing 60% by mass of NaY zeolite. 
NaY-binder (30) Therefore the primary reason of the mesopore formation in the NaY-mmm(60) sample was the presence of the nanocrystals in the zeolite granule. And the macropores were represented by the cavities formed in the course of the larger crystals clustering.
Acidity of the materials
According to the TPD NH 3 data (Table 3) (60) samples as compared to the HY sample was explained by the fact that they consisted of the integral cluster crystals, which prevented the access of ammonia molecules to a part of the acid sites. It was more characteristic of the HY-mmm(30) sample, though. The nature of OH-groups over HY and HY-mmm(60) zeolites was studied by FTIR spectroscopy. The IR spectrum of OH groups of HY sample revealed six clearly distinguished bands (Fig. 6) .
The most intense signals at 3747, 3633 and 3550 cm À1 were typical for IR spectra of HY zeolites [53] [54] [55] and assigned to terminal Si-OH groups and two main kinds of "structural" hydroxyl groups -bridging Si-O(H)-Al groups in the supercages (HF, high frequency) and bridging OH in sodalite cages (LF, low frequency), respectively.
The less intense band at 3607 cm À1 was mostly attributed to HF groups polarized by Lewis acidic extraframework Al species (HF 0 ). [54] [55] [56] The low intense band at 3675 cm À1 can possibly be assigned to the acid Al-O(H)-Al groups which are partially 
Fig. 5
The mechanism of formation of a hierarchical porous structure in meso-Y(60). connected to the framework. The shoulder at 3735 cm À1 corresponded to internal or defect silanol OH groups typical for zeolites, which are located in the close vicinity to the lattice imperfection or Lewis acid site (e.g., tricoordinated Al atom, Si-OH/Al 3+ groups).
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The HY-mmm(60) zeolite sample synthesis led to the signicant decrease in the signals of bridging OH-groups and to the small decrease in the peak intensity of Si-OH species in the IR spectrum (Fig. 6b) . The LF band was shied to the shortwavelength region to 3600 cm À1 . The new bands at 3660, 3680, 3690 and 3785 cm À1 were related to the OH-groups bound to the extra-framework aluminum atoms (bridge Al-O(H)-Al and terminal Al-OH groups). This spectrum looked like for those of dealuminated H-Y zeolites.
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Progressive CO adsorption was carried out on both zeolites. During low temperature CO adsorption on H-Y sample, the HF bands fully disappeared, and a new band at 3330 cm À1 appeared, the HF 0 band was only partially perturbed, but LF band was not perturbed (the spectrum was not shown The most intense signal in the carbonyl region of IR difference spectra was observed at 2175 cm À1 , this band shied to 2170 cm À1 at additional CO dosage. These bands were attributed to the CO complex with strong and moderate acidic OH-groups.
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Additional bands at 2233-2223 cm À1 related to CO complexes with Al 3+ ions in pentahedron environment being specic structure defects of zeolites (strong LAS), low intense bands at 2216-2190 cm À1 corresponded to CO complex with extraframework Al 3+ species (weak LAS) and band at 2157 cm À1 was assigned to CO complex with Si-OH groups.
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Progressive low temperature CO adsorption on HY-mmm(60) sample revealed a more complex spectra than that of H-Y sample. During low temperature CO adsorption on HYmmm(60) sample, the HF and HF 0 bands (bridging Si-O(H)-Al groups in faujasite supercages) fully disappeared, and a new band at 3300 cm À1 appeared, but LF band at 3600 cm À1 was not perturbed (Fig. 7A) . It demonstrates that these HF groups are more acidic than those groups in HY-sample according to the value of the low frequency shi of OH vibrations (Dn O-H/CO ¼ 320 cm À1 ). The concentration of strong BAS for the zeolite samples was given in Table 3 . It could be seen that HYmmm(60) zeolite contained more than three times less strong BAS in faujasite supercages than HY zeolite. The appearance of positive bands at 3300 cm À1 for HY-mmm (60) (Fig. 7B) . 58 According to IR spectra of adsorbed CO in carbonyl region, surface groups in HY-mmm(60) sample contain three types of LAS with following absorbance bands: (1) bands at 2231-2223 cm À1 related to CO complexes with Al 3+ ions in pentahedron environment being specic structure defects of zeolites (strong LAS), (2) low intense bands 2210-2208 cm À1 corresponding to LAS of medium strength, (3) bands at 2200-2192 cm À1 relating to CO complex with Al 3+ ions of alumina clusters (weak LAS). 48 The concentration of all types of LAS for the zeolite samples was given in Table 3 . It could be seen that HY-mmm(60) zeolite contained three times more moderate and weak LAS deal with extraframework Al species.
Catalytic properties in the synthesis of pyridines
Catalytic properties of the zeolite HY and meso-HY-mmm (60) samples with the exchange degree of 0.95 were studied in the multicomponent reaction of propanol with formaldehyde and A possible mechanism for the synthesis of 3,5-dimethylpyridine is described in ref. 44 and is depicted in Fig. 9 .
As the authors indicate, the reaction of n-propanol with formaldehyde and ammonia proceeds through the intermediate formation of propionaldehyde. Propionaldehyde may form imine by reacting with ammonia.
Two such imines may react with formaldehyde (or methanol) and by cyclization and dehydrogenation lead this compound may to 3,5-lutidine. The active sites for the cyclization and dehydration are Brönsted acidic centres and cations.
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It was found that 3,5-lutidine (1) was the basic product of the above reaction; the selectivity of its formation reached 90% (Table 4 , zeolite HY-mmm(60) zeolite, 300 C, 7 h À1 ). 'Light'
compounds were present in a small quantity; among them both the linear condensation products of alcohol, formaldehyde and ammonia, such as propylimine, propyl-propenamine and 3-methylpyridine were identied. Beside the lutidine (1), the reaction mass contained 5-23% of 3,4-lutidine and 1-9% of trialkylpyridine (mainly is 2-ethyl-3,5-dimethylpyridine). Under the conditions studied the conversion of propanol on zeolite HY-mmm(60) amounted 35-50%, whereas on HY zeolite it was considerably lower and amounted 16%. The formation selectivity of 63% for 3,5-dimethylpyridine on HY zeolite was also lower than that on HY-mmm(60) zeolite. The results obtained were associated with the distinctions in the porous structure and the acidic properties of HY zeolite and HY-mmm(60) catalysts. The low activity of HY zeolite could be explained by the rapid blocking of these catalyst micropores by the resulted condensation products, so that the acid sites located inside the large cavities became inaccessible to the reacting molecules. In HY zeolite the multicomponent reaction occurred probably occurred on a few active surface sites and in the pore mouth. As compared to HY-mmm(60) zeolite, the lower selectivity of the 3,5-dimethylpyridine formation could be associated either with the reaction occurred on the surface active sites under no steric constraints imposed on the formation of various reaction products or with the HY zeolite sample acidity.
The Brønsted acid sites (BAS) present in HY zeolite are related to the high acidic bridge Si-O(H)-Al hydroxyl groups located inside the large cavities of the zeolite. There were also the weak acidic OH-groups of the two types bound to the extraframework aluminum atoms. 63 In HY-mmm(60) zeolite the strong BAS are present both inside the pores and on the external surface of the crystals. The issues associated with the effect of the nature, concentration, and acid site strength studies of HY and HY-mmm(60) zeolites on the selectivity of the alkylpyridine formation demanded more thorough investigation.
The high activity of HY-mmm(60) zeolite in the synthesis of 3,5-dimethylpyridine was reached due to the presence of mesoand macropores in its structure. Such a combined micro-mesomacroporous structure allowed for the reduction of the diffusion constraints imposed on the transport of the reagent and reaction product molecules as well as for the decrease in the possibility of pore blocking. In addition, the concentration of the reacting substances in the mesopores was higher, which led to the increase in the number of the chemical interaction acts between the reagents and subsequently to the higher conversion factor. Fig. 8 The reaction scheme for propanol, formaldehyde, and ammonia. Fig. 9 The possible mechanism of the reaction of propanol with formaldehyde and ammonia. 
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